Introduction {#Sec1}
============

Respiratory viruses have been one of the major causes of concern among the public health authorities and scientists dealing with health issues. The threat posed by viruses like influenza A virus, respiratory syncytial virus (RSV) and severe acute respiratory syndrome (SARS) virus is well understood and variety of strategies are under development to counter these viruses. Human metapneumovirus (HMPV), which was identified in 2001 by scientists in Netherland, is yet another respiratory virus having the ability to cause mild to severe disease in people of all age groups especially in children from 1 to 12 years of age, accounting for about 10% of all the lower respiratory tract infections (LRTIs) \[[@CR3], [@CR27], [@CR48], [@CR70], [@CR78], [@CR107]\]. Despite several researches, any vaccine or therapy has not yet been commercialized to take care of the HMPV infection. This review focuses on different prophylactic and therapeutic approaches that have been investigated till date against human metapneumovirus.

Virus properties {#Sec2}
================

HMPV belongs to Metapneumovirus genus in the Pneumoviridae family which was created in 2016 \[[@CR86]\]. Other members of the family include avian metapneumovirus (AMPV), human respiratory syncytial virus (HRSV), bovine respiratory syncytial virus (BRSV) and murine pneumonia virus (MPV). The enveloped virus has negative sense, single stranded, non-segmented RNA genome of length between 13,280 and 13,378 nucleotides \[[@CR77]\]. The genome contains eight genes encoding nine proteins in the order 3′ N--P--M--F--M2--SH--G--L 5′ which is further flanked by a leader sequence at 3′ end and trailer sequence at the 5′ end (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR8], [@CR52]\]. The leader and header sequence has a role in replication and transcription of the viral genome. The nucleoprotein (N), phosphoprotein (P), a matrix protein (M2-1) and RNA dependent RNA polymerase (L) get associated with RNA genome to form RNA polymerase complex to carry out viral replication and transcription \[[@CR44]\]. The virion surface shows the presence of three glycoproteins viz. small hydrophobic (SH) protein, a heavily glycosylated G protein and fusion (F) protein (Fig. [2](#Fig2){ref-type="fig"}). While the G and F proteins have a role in fusion and entry of the virus in host cell through heparan sulphate proteoglycan receptors, the role of SH protein is not completely understood but some of the studies claim that it helps the virus in evading the host antiviral immune response by down-regulating the type I IFN signalling and also has a role in regulating host membrane permeability \[[@CR41], [@CR65]\]. The matrix (M) protein forms a layer beneath the virus envelop and have a role in virus assembly and budding. Two proteins viz. M2-1 and M2-2 are encoded by the second M (M2) gene. The M2-1 protein enhances the processivity of RNA dependent RNA Polymerase (RdRP) and is required for the full length synthesis of viral mRNA \[[@CR16]\] while the M2-2 protein maintains the balance between viral genome replication and transcription in the host cytoplasm \[[@CR14], [@CR91]\].Fig. 1Schematic representation of HMPV genome. Length of the genes and intergenic regions are mentioned in bracket as number of bases. Length of SH and G genes and most of the intergenic regions vary with the strains Fig. 2Schematic representation of human metapneumovirus (HMPV). The attachment glycoprotein (G), fusion protein (F) and small small hydrophobic protein (SH) of the virus protrude out on the virion surface while matrix protein (M) lines the inner surface of lipid bilayer envelop. The nucleoprotein (N), Phosphoprotein (P) and RNA dependent RNA polymerase (L) wraps the negative sense single stranded RNA genome in the viral core and constitute the ribonucleoprotein (RNAP) complex

Two genotypes of HMPV have been observed in the clinical isolates reported till date: A and B, which have been further divided into five genetic lineages: A1, A2a, A2b, B1 and B2. The classification has been done on the basis of variability in membrane glycoproteins of the virus. At protein level, F protein is highly conserved between the types of HMPV with the sequence identity of 94--98% while G protein is highly divergent with the sequence identity of only 30--35% between the subtypes \[[@CR52], [@CR110]\].

Epidemiology {#Sec3}
============

HMPV has a worldwide distribution with the peak of its activity coinciding with the peak of RSV activity. Although the virus circulates throughout the year, it is predominant in late winter and spring \[[@CR36], [@CR63], [@CR79], [@CR93], [@CR99], [@CR105]\]. The disease severity also varies from mild respiratory symptoms to severe pneumonia which ultimately depends on other factors like age of child and presence of other chronic ailments \[[@CR73], [@CR74]\]. In a study done in 2017 at University Hospital of Trondheim, Norway, approximately 10% of the children hospitalized with LRTI were diagnosed with HMPV infection. It was observed that children who were born premature or had any other chronic airway disease like asthma were more prone to infection with HMPV than other related respiratory viruses like RSV. The age of child was also correlated with the disease severity. The child at the age between 12 and 23 months showed the most severe symptoms compared to other age groups and it was concluded that the maternal antibody plays a significant role in protecting a child below 6 months of age \[[@CR68]\]. Apart from children, HMPV infection is observed in people of all age groups, though at a lower rate, with only about 3.5% of adults with LRTI being positive for HMPV infection \[[@CR49], [@CR71], [@CR81], [@CR92]\]. The sero-epidemiology studies show that almost 100% of adults across the world are seropositive with respect to one or the other strain of HMPV \[[@CR48], [@CR56]\]. Similar observations were recorded in yet another study involving the subjects from both northern and southern hemisphere and it was observed that burden of HMPV was significantly higher in northern hemisphere as compared to southern hemisphere \[[@CR3]\]. However, difference in disease severity due to strain variation is not clear and varies considerably.

Immune response to HMPV {#Sec4}
=======================

Knowledge of host immune response to HMPV infection is required to understand the immunopathology induced by the virus and further development of vaccines or therapeutics. Like any other virus, both innate and adaptive immune components are essential to clear the HMPV infection but it induces a weak memory response in the host \[[@CR31], [@CR38]\]. Innate immune responses are the first line of defence against the viral infection and act by recognizing the pathogen associated molecular patterns (PAMPS) on the viral particles through the pattern recognition receptors (PRRs) present on the immune cells in the respiratory tracts. The common PRRs like membrane bound Toll-like-receptors (TLRs), C-type lectin receptors (CLRs), cytoplasmic RIG-I like receptors (RLRs) and nucleotide-binding oligomerization domain (NOD) like receptors (NLRs) recognize the viral PAMPs and initiate the inflammatory and immune response via the cytokines produced by the cells in respiratory tract \[[@CR19]\]. MyD88 (common adaptor of TLRs) mediated pathways has been shown to be essential for pulmonary immune response to HMPV infection by recruitment of immune cells to lungs \[[@CR83]\]. However, HMPV G protein has an important role in inhibiting the innate immune responses by targeting RIG-I in host cell cytoplasm \[[@CR4], [@CR55]\].

On the other hand, adaptive immunity is highly virus specific. During HMPV infection, the protective humoral immunity is mostly directed towards the F protein of the virus rather than G and SH proteins \[[@CR35]\]. The cell mediated immune response is majorly responsible for immune surveillance in the infected host and clears the virus infection by activation of virus specific cytotoxic T lymphocytes (CTLs) which induces the apoptosis of infected cells or by activating the Th cells to further activate B cells and other immune cells like DCs and macrophages \[[@CR19]\]. Studies done on mice models indicate that during HMPV primary infection, CD4^+^ as well as CD8^+^ T cells are responsible for inflammation and body weight loss leading to severe lung disease but they also have a protective role of clearing the virus infection from the host's body which is evident by accumulation of HMPV specific CTLs in the lungs of infected host at approximately 7 days post infection \[[@CR2], [@CR43], [@CR54]\]. In the HMPV infected elderly hosts, Th2 skewing response seems to be the cause of aggravated lung diseases \[[@CR25]\]. However, if CD4^+^ T cells are depleted, the infection is less severe and CD8^+^ T cells alone can effectively clear the virus infection \[[@CR54]\]. Interestingly, it was also demonstrated in one of the recent study that the expression patterns of inhibitor receptor programmed death-1 (PD-1) and programmed death ligand-1 (PD-L1) during HMPV infection leads to impairment of CD8^+^ T cell response which further contributes to HMPV re-infection \[[@CR33], [@CR34], [@CR104]\].

An immunocompetent host shows antiviral immune response to eliminate virus infection and the virus, on the other hand, evades the host immune response by mechanisms which are specific for the virus. Unlike RSV, HMPV doesn't have non-structural proteins and they evade the host innate immune response via their G, SH and M2-2 proteins \[[@CR55]\]. The M2-2 proteins of HMPV are specifically responsible for immune evasion by blocking the interaction between the mitochondrial antiviral signalling proteins (MAVS) and the downstream TNF receptor associated factors (TRAFs) \[[@CR20]\].

Although sero-epidemiological studies reveal that all the individuals are infected by HMPV by the age of 5 years, repeated infection by the virus is common throughout life which may be due to diminishing immunity against the viral antigen in the host and restricted cross-reactive antibodies.

Therapeutic strategies for HMPV infection {#Sec5}
=========================================

As with most of the viral infection, only symptomatic treatment is available for HMPV infection. Several therapeutic strategies have been developed and evaluated by scientists across the world but any HMPV specific antiviral drug has not yet been brought under clinical trial.

Nucleoside analogues {#Sec6}
--------------------

Nucleoside analogues (NA) are the antimetabolites which mimic physiological nucleosides to get incorporated into newly synthesized DNA and blocks further DNA synthesis leading to chain termination. Several NAs have been assessed as antiviral agents. Ribavirin is one such NA which is effective against the pneumoviruses both in vitro and in vivo and has been used to treat the cases of HMPV infections also \[[@CR21], [@CR32], [@CR39], [@CR53], [@CR108]\]. Apart from inhibiting the viral RNA synthesis, ribavirin modulates the host immune system by up-regulating the secretion of T helper (Th) 1 cytokines like TNFα, IFNγ, IL2 etc. by CD4^+^ and CD8^+^ T cells and down-regulating the secretion of Th2 cytokines like IL10 which further helps in restricting the viral pathogenesis \[[@CR13], [@CR89]\]. In absence of any experimental proof till date, it is suggested that ribavirin may be given to treat HMPV infection by aerosol at a dose that is recommended for containing RSV infection \[[@CR96]\]. However, aerosolised drugs have their own limitations like high cost, teratogenicity and potential to weaken the respiratory functions.

Ribavirin has also been used through intravenous (i.v.) route in combination with intravenous immunoglobulin (IVIg) to treat HMPV infections but the results have been quite contradictory. Dokos et al. \[[@CR30]\] and Park et al. \[[@CR75]\] observed that the effect of i.v. ribavirin combined with IVIg was not significant in treating the HMPV infection while few other authors have reported that i.v. ribavirin/oral ribavirin combined with IVIg could successfully treat the infection in different category of patients \[[@CR12], [@CR50], [@CR80], [@CR95]\].

Fusion inhibitors {#Sec7}
-----------------

Fusion between viral envelop and the host cell membrane via HMPV F protein is important for the initiation of viral infection \[[@CR18], [@CR22]\]. Peptides capable of inhibiting this fusion event have the potential to reduce the virus replication in infected host. Deffrasnes et al. identified few peptides derived from the heptad repeat domains of HMPV F protein and assessed their effectiveness in reducing the morbidity and mortality caused by the virus. One peptide, HRA2, was found to be very effective in reducing the lung viral load, pulmonary inflammation, airway obstruction and levels of pro-inflammatory cytokines/chemokines in the treated BALB/c mice \[[@CR28]\]. The HRA2 peptide, when expressed in *Nicotiana tabacum*, has been shown to inhibit the binding of virus to HEp2 cells under in vitro condition \[[@CR64]\]. Further studies need to be done to evaluate the efficacy of the peptide expressed in plant system in inhibiting the virus infection in animal models. Recently, a fusion inhibitor, JNJ-5371867, has been reported for RSV which is another pneumovirus closely related to HMPV \[[@CR87]\]. There is a need to search such small molecule fusion inhibitors which may have the potential to bind to HMPV F protein also in its pre-fusion conformation and prevent the virus from infecting the host cells.

Sulfated sialyl lipid, NMSO3 {#Sec8}
----------------------------

NMSO3, a sulfated sialyl lipid, has been shown to have potent antiviral activity against HMPV \[[@CR109]\]. Spetch et al. assessed the effect of NMSO3 treatment on HMPV infection. Treatment of BALB/c mice with one dose of NMSO3 at 50 mg kg^−1^ body weight at the time of infection significantly reduced the lung viral load and also reduced the recruitment of inflammatory cells in the lungs. The clinical illness and level of pro-inflammatory cytokines/chemokines in the lungs was also significantly reduced under the treatment with NMSO3. It was speculated that in addition to having antiviral effect by inhibiting the viral entry and replication in host cells, NMSO3 also has anti-inflammatory effect in the recipient host \[[@CR97]\].

Interfering RNAs {#Sec9}
----------------

RNA interference using small interfering RNAs (siRNAs) or short hairpin RNAs (shRNAs) has been used since a long time for specific silencing of target genes. As a therapeutic approach for HMPV, Darniot et al. and Deffrasnes et al. demonstrated the efficacy of siRNAs specific for viral genes encoding nucleoprotein (N) and phosphoprotein (P). Darniot et al. \[[@CR26]\] showed that the 2′-*O*-methyl modified siRNA targeted to the most conserved region of HMPV nucleocapsid mRNA could partially inhibit the viral replication and confirmed that there was no off-target effect of this siRNA and also that the cytokines did not contribute in this inhibitory effect. Deffrasnes et al. \[[@CR28]\] had previously identified two potent siRNAs (siRNA45 against N gene and siRNA60 against P gene) and demonstrated their efficacy against the strains of all four subgroups of HMPV. The G gene of HMPV was also targeted by Preston et al. but it's down-regulation did not result in reduction in viral growth, nor did any significant increase in type I interferon expression was observed.

Monoclonal antibodies {#Sec10}
---------------------

Monoclonal antibodies directed against the most conserved epitopes of the immunogenic proteins of virus have the ability to protect or minimize disease severity in infected individuals. The efficacy of prophylaxis with Palivizumab, a monoclonal antibody, has previously been shown for RSV infection in high risk groups. The fusion protein of HMPV is highly immunogenic and is conserved among various types and subtypes of the virus \[[@CR24], [@CR45], [@CR76]\]. Recently, 54G10, a human monoclonal antibody directed to a conserved epitope of HMPV fusion protein, was shown to be highly neutralizing and effective in decreasing the viral titre in lungs and nasal aspirates of infected HMPV permissive mice model. The prophylactic and therapeutic efficacy of 54G10 was comparable to palivizumab w.r.t. viral titre in nasal aspirates and better than palivizumab w.r.t. titre in lung homogenates \[[@CR94]\]. Prior to this, Fab DS7, a recombinant human monoclonal antibody fragment generated using phage display technology against a fusion protein epitope was evaluated and found to be significantly effective in restricting the propagation of HMPV in the lungs of cotton rats \[[@CR106]\]. Even before this, Ulbrandt et al. \[[@CR102]\] generated a panel of monoclonal antibodies against the F protein in animal models, out of which two MAbs viz. MAb 338 and MAb 234 were effective against almost all four subtypes of HMPV. It was speculated that humanization and optimization of the two MAbs could give a better result in human individuals. In 2005, Ma et al. \[[@CR61]\] also generated two mouse monoclonal antibodies, 1G3 and 9B10, against F protein of HMPV and demonstrated their neutralizing capacity in the virus infected cells.

Other prospects for development of therapeutics {#Sec11}
-----------------------------------------------

Recently, the replication and transcription of HMPV in bronchial epithelial-derived immortal cells was analyzed and it was deduced that like other filoviruses and rhabdoviruses, formation of cytoplasmic inclusion bodies is required for HMPV genome replication and transcription \[[@CR69]\]. Understanding the mechanisms and pathways for the formation of these inclusion bodies may give a crucial lead for development of new therapeutics.

Currently, we are also working on the development of ribozyme based therapeutics which is based on the conserved nature of fusion and nucleoprotein of the virus (data not published yet).

Prophylactic strategies for HMPV infection {#Sec12}
==========================================

Vaccination is the most reliable strategy for managing any viral infection. Several efforts have been made to develop HMPV specific vaccines and most of these vaccines are directed towards the fusion protein which is the most immunogenic protein of this virus.

Inactivated vaccines {#Sec13}
--------------------

Inactivated vaccines have been very successful in managing several viral infections like influenza, polio etc. where the vaccine is stable and biologically safe. However, the efficacy of this type of vaccine varies with the virus and method used for viral inactivation significantly affects the immune response \[[@CR90]\]. It has been demonstrated that vaccination with formalin inactivated HMPV leads to enhanced disease severity upon challenge with wild type virus which could be attributed to enhanced pulmonary histopathology and imbalanced immune response with elevated level of Th2 cytokine like IL4 \[[@CR111]\]. Vaccination of animal models with heat inactivated HMPV has also been shown to be unsafe with enhanced level of Th2 cytokines and eosinophil infiltration in lungs of vaccinated animals \[[@CR40]\]. The outcome of vaccination with above-mentioned inactivated virus suggest for the development of better strategies to generate HMPV specific vaccines. In past few years, nanoemulsion based inactivation of virus like RSV was demonstrated to yield safe vaccines which could induce effective humoral immune response and enhanced viral clearance from the host body \[[@CR59]\]. This strategy along with other strategies like use of β-propiolactone (BPL) and hydrogen peroxide may also be used for safer vaccine development against HMPV \[[@CR90]\].

Subunit vaccines {#Sec14}
----------------

Vaccination with partial or full length viral proteins rather than whole virus has been shown to be sufficient to minimize the viral pathogenesis.

### Viral protein expression through recombinant virus and bacteria {#Sec15}

Viral vectors have been the vector of choice to introduce and express recombinant proteins in targeted host. A retroviral vector expressing the HMPV F protein has been shown to induce strong and protective immune response against different subtypes of HMPV when given through intra-peritoneal route in mice model but this was not the case with HMPV G protein \[[@CR57]\]. Expression of HMPV F protein via Venezuelan Equine Encephalitis virus based Viral Replicon Particle (VEE-VRP) also demonstrated high level of immunogenicity and protective efficacy against HMPV infection in African Green Monkey \[[@CR5]\]. Likewise, recombinant Sendai virus expressing the truncated fusion protein of HMPV could induce neutralizing antibodies in cotton rats indicating the potential of such a recombinant to protect the immunized host against HMPV infection \[[@CR88]\]. Prior to this, Tang et al. \[[@CR101]\] successfully demonstrated the immunogenicity and protective efficacy of bovine/human chimeric parainfluenza virus type 3 expressing the HMPV F protein in African Green monkey.

Apart from the viral vector, bacterial systems have also been shown to act as carrier for viral genes. Palavecino et al. demonstrated that recombinant bacillus Calmette--Guerin (rBCG) carrying the gene encoding HMPV P protein could successfully express the viral protein and immunization with the rBCG strain could induce a protective Th1 immunity in mice model by activation of virus specific T cells producing IFNγ and IL-2 \[[@CR72]\]. This was shown to be an effective strategy to manage the HMPV infections.

### Purified viral protein as vaccines {#Sec16}

Use of soluble viral protein as vaccine can also induce the host immune response. Intramuscular injection of iscom matrix adjuvanted soluble HMPV F protein in Syrian golden hamster and cynomolgus macaque model was effective in inducing cellular as well as humoral immune response against different subtypes of HMPV but for a shorter duration of time as opposed to the viral vector based vaccines \[[@CR45], [@CR46]\]. Prior to this, Cseke et al. \[[@CR24]\] showed that a recombinant F protein lacking the trans-membrane domain, expressed from a DNA plasmid construct, could induce a protective immune response in cotton rats and the response was better that the full length F protein without any lung pathology or Th2 type response. Later on Baule et al. \[[@CR7]\] observed the stimulation of inflammatory response by HMPV M protein and Aerts et al. \[[@CR1]\] demonstrated the effect of M protein as an adjuvant in enhancing the immunogenicity of HMPV F protein by elevating the cellular immune response. Recently, it has been shown that purified HMPV fusion protein ectodomain stabilized in its pre-fusion or post-fusion states is sufficient to induce the production of neutralizing antibodies with a capacity to neutralize the virus infectivity \[[@CR6]\].

### Virus-like-particle {#Sec17}

Virus-like-particles (VLPs) have been successfully used as vaccine candidates against some important viral pathogens like human papilloma virus and rota virus. The non-pathogenic nature and ability of the VLPs to expose the viral proteins in their native conformation makes it one of the best vaccination strategies. A HMPV VLP was developed by Cox et al. \[[@CR23]\] by expressing the HMPV fusion and matrix protein in suspension adapted HEK293 cells and a protective immune response could be generated in mice model without any Th2 skewed cytokine response. The VLP not only induced the antibody response but also cell mediated immune response against the HMPV F protein and the immunogenicity was enhanced by adjuvants like TiterMax Gold or α-galactosylceramide. Prior to this, Levy et al. developed a HMPV VLP with retroviral core and HMPV surface proteins (F & G) and demonstrated its efficacy in activating the protective humoral immune response against homologous as well as heterologous strains of HMPV in mice model \[[@CR57]\]. The observations suggest that the F protein based VLPs can be a potent vaccine candidate to deal with the HMPV infections.

Live attenuated viruses {#Sec18}
-----------------------

Live attenuated viruses are the live particles designed to provide protective immunity to vaccine recipients against specific viruses. These vaccines include viruses which are weakened enough to lose their virulence, maintaining their structural integrity so that its infection mimics the natural infection allowing the host immune system to recognize the virus as a whole but without causing any disease. These viruses, as a vaccine, activate both cellular as well humoral immunity and doesn't require any booster dose. Though this type of vaccine has proven to be highly significant in eradicating some viral diseases but safety issues and efficacy is a matter of great concern in case of many viral infections \[[@CR67]\].

These vaccines may be recombinant or non-recombinant. Non-recombinant live attenuated viral vaccines are generated by virus culture under altered conditions when viral genome incorporates several mutations which make the virus avirulent under normal host physiological conditions. These altered conditions include low temperature conditions and chemical treatments \[[@CR17], [@CR37], [@CR62]\]. Though these non-recombinant attenuated viruses activate the immune system efficiently but they may tend to revert back to virulent viruses inside the host causing serious disease \[[@CR113]\]. On the other hand, recombinant live attenuated viruses are generated by using reverse genetic techniques where the virulence factor is either eliminated or modified irreversibly \[[@CR98]\]. Sufficient attenuation is must for a successful live attenuated viral vaccine.

Non-recombinant cold adapted HMPV viral vaccine was developed and shown to be protective against the viral infection in hamster model \[[@CR47]\]. Several attempts have also been made to generate recombinant HMPV by transfecting the cultured animal cells with viral cDNA and plasmids encoding the virus specific RdRP \[[@CR9]\]. The generation of attenuated HMPV could be achieved by deleting the genes encoding G, SH, M2-2 or P protein \[[@CR11]\]. The replication of virus lacking G protein was reduced by \~ 40-fold while that of virus lacking both G and SH protein was reduced by \~ 600-fold as compared to the wild type HMPV in rodent models \[[@CR10]\]. Maximum attenuation was achieved by the deletion of M2-2 gene and the attenuated virus could induce protective immunity in African green monkey model \[[@CR11]\]. A modification in M2-1 gene of HMPV by substituting third cysteine and last histidine in the zinc binding motif also attenuates the virus and the attenuated virus has the ability to induce protective immune response in cotton rats \[[@CR15]\]. Mutation in *S*-adenosylmethionine binding motif of L protein and removal of N-linked carbohydrate in fusion protein also attenuates the virus and the attenuated virus provides protection to homologous as well as heterologous strains of HMPV \[[@CR60], [@CR112]\]. Attenuation could also be attained by replacing the HMPV P protein with P protein of avian MPV and it was demonstrated that the recombinant virus having avian MPV P protein replicated very poorly in healthy adults but the mechanism is yet to be understood \[[@CR51]\]. In 2013, a wild type recombinant HMPV having codon optimised SH protein was approved to be used as parent virus for the development of live attenuated HMPV specific vaccine candidate \[[@CR100]\]. Recently, Ren et al. discussed the significance of M2-2 protein based live attenuated vaccine candidate which can not only induce cellular immune response via the CTL epitope but also suppress HMPV induced host innate immunity and regulate the expression of miRNAs responsible for immune related gene expressions \[[@CR29], [@CR82], [@CR84], [@CR85]\]. With these strategies under development, there is a need for the validation of an efficient vaccine candidate through clinical trials.

Epitope based vaccine {#Sec19}
---------------------

For the development of a successful vaccination strategy, it is necessary to identify the viral components required to stimulate the cellular and humoral immune response. Host's adaptive immune response is targeted to either B cell or T cell epitope on a viral pathogen. Several studies have been done to identify the immunogenic epitopes of HMPV \[[@CR66], [@CR94], [@CR103]\]. Herd et al. \[[@CR42]\] identified major histocompatibility class I restricted CTL epitopes on N, G, M2-2 and SH protein of HMPV and demonstrated that administration of these epitopes as peptide vaccine elicits effector and memory CTL responses along with enhanced expression of Th1 type cytokine (IFNγ and IL12) and significantly low level of Th2 type cytokine response (IL10 and IL4) response resulting in reduced viral load and immunopathology in lungs of mice model. Recently, a HMPV specific multi-epitope peptide was designed and evaluated for its protective efficacy in mice model. Six B cell epitope, four CTL epitope and two Th cell epitope of HMPV were predicted and linked using defined spacer sequences to design the multi-epitope peptide (MEP) which was expressed in bacterial system. It was shown that vaccination with adjuvanted MEP could induce strong humoral as well as cell mediated immune response in BALB/c mice and the serum of treated mice had the capacity to neutralize the HMPV infection in vitro \[[@CR58]\].

Concluding remarks {#Sec20}
==================

Human metapneumovirus is an important respiratory pathogen having the capacity to cause serious and fatal disease in human beings. It has been easier to characterize this virus because of its similarity to another important respiratory virus, RSV. The approaches to manage the HMPV infection have also been quite similar to that RSV. Though common antivirals like ribavirin and IVIg are available, yet HMPV specific therapeutic approaches are necessary to effectively challenge the fatal cases. Palivizumab, the monoclonal antibody generated against RSV, is effective against HMPV also, yet HMPV specific monoclonal antibodies like 54G10 and Fab-DS7 have been developed and successfully tested in animal models. If tested and commercialized like Palivizumab, these monoclonal antibodies may prove to be a boon for HMPV infected individuals showing serious symptoms. Most of the therapies against HMPV are targeted to fusion protein owing to its conserved nature among various types and subtypes of the virus. Certain peptide based fusion inhibitors like HRA2 has been tested and found to be protective against HMPV. Likewise, siRNAs targeted to the conserved regions of genes encoding nucleoprotein and phosphoprotein of HMPV has also shown protective effects against the viral infection. Among chemical inhibitors, a sulphated sialyl lipid, NMSO~3~, has been shown not only to decrease the viral titre in infected individuals but it also modulates the host immune system by its anti-inflammatory effect. All the therapeutic approaches developed till date is under research but it's important that an effective therapy gets approved and made available for use by the patient's so that the morbidity and mortality due to HMPV infection is minimized.

Prophylaxis has always been better than therapy, and vaccination is the best approach to control or eliminate any pathogen from any population. HMPV, being a RNA virus, is highly prone to mutation and development of an effective vaccine candidate is a challenge, yet research on the development of a universal vaccine candidate is underway. Inactivated vaccine candidates against HMPV have not yet been successfully tested in animal models with most of them leading to enhanced disease severity upon subsequent natural infection. On the other hand, vaccination with subunit vaccine composed either of purified HMPV fusion protein or the fusion protein expressed via different viral or bacterial vectors viz. retroviral vector, alphavirus vector, rBCG etc. could induce protective immunity against both homologous as well as heterologous strains of the virus, though for a short duration. Fusion protein based VLPs in combination with certain adjuvants like TiterMax Gold are also highly immunogenic and protective against the virus. Though the inactivated or subunit vaccines are safe but the requirement of booster doses and lack of strong cellular immune response poses a limitation on its use. The live attenuated viruses overcome this limitation. Recombinant approach to develop live attenuated viral vaccine candidate through reverse genetics technique can be considered as one of the best approach, provided a good level of attenuation is attained and immunogenicity is maintained. Attempts to generate live attenuated HMPV vaccine candidates have been successful with good protective efficacy in rodents and non-human primates but none of them have yet entered the clinical trials. However, it can be said that though HMPV was discovered late, significant advances have been made to intervene the viral infection.
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